The effect of ex situ hydrogen passivation process on the performance of visible hydrogenated amorphous silicon carbide ͑a-SiC:H͒-based p-i-n type thin-film light-emitting diodes has been investigated. An ex situ hydrogen passivation process dramatically improved the device performance; that is, the threshold voltage decreased by about 5 V, the electroluminescence ͑EL͒ intensity increased by a factor of about 3, and the EL peak shifted toward a short wavelength from 700 to 600 nm, resulting in an increase of the brightness from 1 cd/m 2 to 35 cd/m 2 . This improvement of device performance is caused by the passivation of interface states in the p/i and i/n interfaces as well as midgap states in the luminescent active intrinsic a-SiC:H layer by hydrogen atoms. A process time dependence of the ex situ hydrogen passivation effect on the device performance also has been studied.
I. INTRODUCTION
In recent years, much attention has been paid to hydrogenated amorphous silicon carbide ͑a-SiC:H͒-based p-i-n type thin-film light-emitting diodes ͑TFLEDs͒ due to their potential advantages over conventional crystal light-emitting diodes: that is, accessibility to large-area flat-panel display, tunable coloring by using integrated multilayered structures, and lower cost by using a glass plate as a substrate. 1 There was much progress in the performance of TFLEDs in terms of threshold voltage, electroluminescence ͑EL͒ spectrum, and brightness. For example, Passche et al. 2 obtained a brightness of 20 cd/m 2 at an injection current density of 1 A/cm 2 by inserting a hot-carrier injection layer at the p/i and i/n interfaces of a-SiC:H-based p-i-n type TFLEDs, and Jen et al. 3 
fabricated a-SiC:H-based p-i-n
TFLEDs with a barrier layer at the p/i interface to obtain a brightness of 342 cd/m 2 at an injection current density of 600 mA/cm 2 . In order to apply visible a-SiC:H-based p-i-n type TFLEDs to a practical use, the device performance, particularly the brightness, needs to be improved. The brightness of visible TFLEDs should be at least several hundred cd/m 2 . In addition, a-SiC:H-based p-i-n type TFLEDs with a bluelight emission are required to implement a full-color display.
A hydrogen passivation technique has been widely used to decrease dangling bonds at grain boundaries as well as interface states in the SiO 2 /poly-Si interface in the polycrystalline-Si thin-film transistor ͑poly-Si TFT͒. 4 Poly-Si films are well known to have many defect states at grain boundaries. As a result, these hydrogenated poly-Si TFTs showed an improvement in the device performance. 5 In the case of p-i-n type a-Si:H solar cells, it has been well demonstrated that a hydrogen plasma treatment improves the properties of the buffer layer inserted between the p and i layers. Thus, we expected a hydrogen passivation technique to be very useful to improve the performance of visible a-SiC:H-based p-i-n type TFLEDs, and applied that technique 6 using an inductively coupled plasma ͑ICP͒ apparatus, which is known to have not only a high plasma density at a relatively low pressure but also a low amount of plasma damage during the process. 7 An ex situ hydrogen passivation process dramatically improved the performance of visible a-SiC:H-based p-i-n type TFLEDs; that is, these hydrogenated TFLEDs showed an increase in brightness from about 1 cd/m 2 at an injection current density of 113 mA/cm 2 to 35 cd/m 2 at an injection current density of 1 A/cm 2 . Then we investigated the process time dependence of a hydrogen passivation effect on the performance of visible a-SiC:H-based p-i-n type TFLEDs.
In this article, we will report some experimental results of hydrogen passivation effects and their process time dependence on the performance of visible a-SiC:H-based p-i-n type TFLEDs: that is, the threshold voltage, the EL spectrum, and the brightness, and discuss possible mechanisms by which the device performance can be improved or degraded.
II. EXPERIMENTS
Visible a-SiC:H-based p-i-n type TFLEDs were fabricated on a tinoxide ͑SnO 2 ͒-coated glass substrate by using a three-reaction-chamber photochemical vapor deposition ͑photo-CVD͒ system shown in Fig. 1 , which is a top view of the system. The details of the photo-CVD system were given in other article. 8 All p-i-n junctions were formed successively in vacuum to prevent all interfaces ͑p/i and i/n interfaces͒ from contamination by moisture and other atmospheric impurities. ratio ϳ3000 ppm in the ''p'' chamber͒ and SiH 4 /H 2 /PH 3 ͑doping ratio ϳ6000 ppm in the ''n'' chamber͒, respectively, and used as hole and electron injectors into the luminescent active intrinsic a-SiC:H ͑i-a-SiC:H͒ layer, respectively. The most important luminescent active layer, i-a-SiC:H, with a band gap of 3.0 eV, was prepared by a direct photo-CVD method from a gas mixture of Si 2 H 6 and C 2 H 4 ͑Si 2 H 6 :C 2 H 4 ϭ1:29͒ in the ''i'' chamber. The thickness of the p-, i-, and n-layers of visible a-SiC:H-based p-i-n type TFLEDs was 15, 50, and 30 nm, respectively. An intrinsic a-SiC:H layer of 1.5 nm thick with a band gap of 3.3 eV was deposited on the p-c-Si:H layer by a direct photo-CVD method from a gas mixture of Si 2 H 6 and C 2 H 4 ͑Si 2 H 6 :C 2 H 4 ϭ1:50͒ in the ''i'' chamber and used to improve the efficiency of hole injection into the luminescent active i-a-SiC:H layer. The substrate temperature was kept at 250°C during the TFLED fabrication process. Typical deposition conditions for each layer of visible a-SiC:H-based p-i-n type TFLEDs are given in another article. 8 After the TFLED fabrication, an ex situ hydrogen passivation process was performed using the inductively coupled plasma ͑ICP͒ apparatus. The details of the ICP apparatus were given elsewhere. 7 The ex situ hydrogen passivation process was performed at the following conditions: a rf power of 800 W, a process pressure of 20 mTorr, a process temperature of 300 K, and a process time of 15 min. Then, in order to study the process time dependence of an ex situ hydrogen passivation effect on the performance of visible a-SiC:Hbased p-i-n type TFLEDs, the hydrogen passivation time was varied from 15 to 45 min. Typical process conditions for an ex situ hydrogen passivation are summarized in Table I .
III. RESULTS AND DISCUSSION

A. Hydrogen passivation effect
First, the hydrogen passivation effect on the performance of visible a-SiC:H-based p-i-n type TFLEDs will be discussed. The process time dependence of hydrogen passivation effect will be given in another section. Figure 3 shows the injection current density versus applied forward voltage characteristics of hydrogenated and unhydrogenated TFLEDs. In this case, the ex situ hydrogen passivation process time was 15 min. As shown, the threshold voltage of the hydrogenated TFLED is lower by about 5 V than that of the unhydrogenated TFLED. This decrease in the threshold volt- and so the threshold voltage decreases. In order to study the spectral characteristics of hydrogenated TFLED, the EL spectrum was measured under a 200-Hz square wave with a peak-to-peak voltage, V pϪp ϭ7 V, and a duty ratio of 10% using a monochromator ͑Instru-ment S.A., HR. 640͒, a photomultiplier ͑Ataggo Bussan Co., No. 295͒, and a lock-in amplifier ͑Stanford Research Systems, SR510͒ at room temperature. Figure 4 shows measured EL spectra. As shown, with an ex situ hydrogen passivation process, the EL intensity increased by a factor of 3 and the EL peak shifted toward a shorter wavelength, from 700 to 600 nm. In addition, a full width at half maximum ͑FWHM͒ of the EL spectrum was decreased from 180 to 102 nm by an ex situ hydrogen passivation process. These results can be explained as follows. Figure 5͑a͒ shows a schematic illustration of the density of energy states and the recombination processes in an undoped a-SiC:H layer. If defect states, particularly midgap states, within a band gap can be passivated by any methods, the situation can be changed just as in Fig.  5͑b͒ . That is, midgap states within a band gap decrease and the slope of tail states become sharper. If so, the transition energy for radiative recombination increases and the FWHM of the EL spectrum decreases. Thus, since a hydrogen passivation process reduces the density of defect states within the band gap of the i-a-SiC:H layer, the EL intensity increases, the EL peak shifts toward a shorter wavelength, and the FWHM of the EL spectrum decreases.
In order to obtain information on the dangling bonds in a-SiC:H films, we made electron spin resonance ͑ESR͒ measurements on both a-SiC:H films with and without the hydrogen passivation process. Figure 6 shows the measured ESR spectrum of as-deposited and hydrogenated a-SiC:H films. Similar spectrum was also observed for hydrogenated a-SiC:H film. Using the standard spectrum of DDPH ͑2,2-dipheny-l-picrylhydrazyl͒ 10 the spin densities and g values were calculated from the observed spectra for both a-SiC:H films with and without the hydrogen passivation process, and the results are shown in Table II . The spin density and g value decrease with the hydrogen passivation process. Since the spin density corresponds to the density of the dangling bonds, we conclude that the density of dangling bonds decreases with the hydrogen passivation process. That is, with the hydrogen passivation process, the density of dangling bonds decreases from 2.60ϫ10 20 /cm 3 to 7.58 ϫ10 18 /cm 3 . Thus, from these results, we conclude that a hy- drogen passivation process reduces the density of dangling bonds within the luminescently active i-a-SiC:H layer, resulting in the increase of EL intensity and the shift of EL peak toward a shorter wavelength. Figure 7 shows the brightness versus applied forward voltage characteristics of hydrogenated and unhydrogenated visible a-SiC:H based p-i-n type TFLEDs. The brightness was measured by using a photometer ͑Photo Research Corp., Model 1980A͒. As shown, with the ex situ hydrogen passivation process, the brightness dramatically increased from 1 cd/cm 2 at an injection current density of 115 mA/cm 2 to 35 cd/m 2 at an injection current density of 1 A/cm 2 . Using the absolute spectral efficacy of the human eye as a function of wavelength, 11 the brightness is expected to increase as the EL peak shifts toward a shorter wavelength. It is also observed that the brightness of the hydrogenated visible a-SiC:H-based p-i-n type TFLED begins to decrease at the high applied forward voltage ͑about 8.5 V͒. This phenomenon shows that the hydrogenated visible a-SiC:H-based p-i-n type TFLED has a higher injection current density than the unhydrogenated one at the same applied forward voltage so that the higher joule heat due to the higher current through the diode degrades the luminescently active i-aSiC:H layer, resulting in decrease of the brightness of the hydrogenated visible a-SiC:H-based p-i-n type TFLED. It is concluded that since the hydrogen passivation process reduced defect states in the luminescent active i-a-SiC:H layer and at p/i and i/n interfaces, the EL properties as well as the brightness of visible a-SiC:H-based p-i-n type TFLEDs are dramatically improved.
B. Process time dependence of hydrogen passivation effect
In the previous section, we discussed that an ex situ hydrogen passivation process dramatically improved the performance of visible a-SiC:H-based p-i-n type TFLEDs. In this section, a process time dependence of the ex situ hydrogen passivation effect will be investigated. Figure 8 shows the injection current density versus applied forward voltage characteristics of these hydrogenated TFLEDs as a function of hydrogen passivation process time, wherein that of an unhydrogenated TFLED is given for a reference. There are two noticeable features. First, these hydrogenated TFLEDs have a lower threshold voltage than the unhydrogenated TFLED. As mentioned above, with the hydrogen passivation process for 15 min, the threshold voltage decreases by about 5 V. Second, for an ex situ hydrogen passivation process time beyond 15 min, the hydrogen passivation effect is rather reduced; that is, the threshold voltage slightly increases. Further, with an ex situ hydrogen passivation process of 45 min, FIG. 9 . The EL spectra of these hydrogenated TFLEDs as a function of hydrogen passivation process time. the diode characteristics themselves degrade. This phenomenon is caused by increased exposure to plasma in the lengthened hydrogen passivation process. Figure 9 shows the EL spectra of these hydrogenated TFLEDs as a function of hydrogen passivation process time. As shown, as the hydrogen passivation process time increases beyond 15 min, the EL peaks of these hydrogenated TFLEDs shift toward a long wavelength. However, there is a difference in the EL spectrum between the process time of 30 and 45 min. For the process time of 30 min, the EL peak shifts from 600 to 680 nm but its intensity is almost the same. However, for the process time of 45 min the EL peak shifts from 600 to 625 nm but its intensity is only two-thirds the original. The FWHMs of the EL spectra increase from 102 to 172 nm for the process time of 30 min and to 122 nm for 45 min, respectively. Thus, as the hydrogen passivation process time increases, these hydrogenated TFLEDs are subjected to a plasma for a longer time, thereby generating other types of defect states, for example nonradiative recombination centers, in the luminescent active i-a-SiC:H layer by a plasma damage. Figure 10 shows the brightness versus applied forward voltage characteristics of these hydrogenated TFLEDs as a function of hydrogen passivation process time. The brightness of these hydrogenated TFLEDs decreases with increase of a hydrogen passivation process time. For the process time of 45 min, the brightness is one half. As shown in Fig. 10 , although these TFLEDs hydrogenated for 30 and 45 min have better EL properties than the nonhydrogenated TFLED, they have a lower brightness than the TFLED hydrogenated for 15 min because they are exposed to a plasma for a longer time and cannot avoid a plasma damage.
IV. CONCLUSIONS
We have investigated the effect of the hydrogen passivation process on the performance of visible a-SiC:H-based p-i-n type TFLEDs as well as the process time dependence of hydrogen passivation effect. There are two noteworthy features on the results. First, the hydrogen passivation process dramatically improved the performance of visible a-SiC:H-based p-i-n type TFLEDs, that is, by the hydrogen passivation process for 15 min, the threshold voltage decreased by about 5 V, the EL intensity increased by a factor of 3, the EL peak shifted toward a shorter wavelength, from 700 to 600 nm, resulting in increase of the brightness from 1 cd/m 2 at an injection current density of 115 mA/cm 2 to 35 cd/m 2 at an injection current density of 1 A/cm 2 . It is concluded that this improvement of device performance is caused by the passivation of interface states in the p/i and i/n interfaces as well as midgap states in the luminescent active i-a-SiC:H layer by hydrogen atoms. Second, as the hydrogen passivation process time increased, the extent of the hydrogen passivation effect reduced; that is, as compared with that of the TFLED hydrogenated for 15 min, the threshold voltage increased slightly, the diode characteristics degraded, and the EL peak shifted toward a longer wavelength and the brightness decreased. In particular, for the case of the hydrogen passivation process time of 45 min, the brightness decreased to two-thirds of the hydrogen passivation process time of 15 min. Thus, it is concluded that increasing the hydrogen passivation process time beyond the saturation point only reduced the extent of the hydrogen passivation effect on the performance of visible a-SiC:H-based p-i-n type TFLEDs because increasing the hydrogen passivation process time exposed TFLEDs to plasma for a longer time, effectively degrading them. It is important to optimize the hydrogen passivation process conditions. Finally, it is hoped that these results will encourage the use of the hydrogen passivation process to improve the performance of visible a-SiC:H-based p-i-n type TFLEDs.
